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Abstract
Nucleoporin Tpr is a component of the nuclear pore complex (NPC) that localizes exclusively to intranuclear filaments. Tpr
functions as a scaffolding element in the nuclear phase of the NPC and plays a role in mitotic spindle checkpoint signalling.
Export of intron-containing mRNA in Mason Pfizer Monkey Virus is regulated by direct interaction of cellular proteins with
the cis-acting Constitutive Transport Element (CTE). In mammalian cells, the transport of Gag/Pol-CTE reporter construct is
not very efficient, suggesting a regulatory mechanism to retain this unspliced RNA. Here we report that the knockdown of
Tpr in mammalian cells leads to a drastic enhancement in the levels of Gag proteins (p24) in the cytoplasm, which is rescued
by siRNA resistant Tpr. Tpr’s role in the retention of unspliced RNA is independent of the functions of Sam68 and Tap/Nxf1
proteins, which are reported to promote CTE dependent export. Further, we investigated the possible role for nucleoporins
that are known to function in nucleocytoplasmic transport in modulating unspliced RNA export. Results show that
depletion of Nup153, a nucleoporin required for NPC anchoring of Tpr, plays a role in regulating the export, while depletion
of other FG repeat-containing nucleoporins did not alter the unspliced RNA export. Results suggest that Tpr and Nup153
both regulate the export of unspliced RNA and they are most likely functioning through the same pathway. Importantly, we
find that localization of Tpr to the NPC is necessary for Tpr mediated regulation of unspliced RNA export. Collectively, the
data indicates that perinuclear localization of Tpr at the nucleopore complex is crucial for regulating intron containing
mRNA export by directly or indirectly participating in the processing and degradation of aberrant mRNA transcripts.
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Introduction
Nucleoporin Tpr was originally identified as the oncogenic
activator of the met, raf, and trk protooncogenes [1,2,3]. Tpr is a
large 270 kDa protein with a bipartite structure consisting of a
,1600-residue a-helical coiled-coil N-terminal domain and a
highly acidic noncoiled ,800 amino acid carboxy terminus [4].
Cellular transformations and human tumors have been shown to
occur due to the fusion of N-terminal residues of Tpr (residues
140–230) with the protein kinase domains of the protooncogenes
met, raf, and trk [1,2,3]. Tpr has been shown to be localized
exclusively to intranuclear filaments associated with the nucleo-
plasmic side of the NPC, by directly binding to Nup153 [5,6,7].
Different metazoan species have been shown to contain only one
Tpr ortholog, whereas two homologs, Mlp1 and Mlp2, are present
in Saccharomyces cerevisiae and Schizosaccharomyces pombe [8,9,10].
The functions of Tpr include roles in intranuclear and
nucleocytoplasmic transport and as a scaffolding element in the
nuclear phase of the NPC [11,12,13,14]. Tpr has been shown to
play a role in nuclear export of proteins containing leucine rich
nuclear export signal (NES) and it also aids in the export of
proteins with no apparent NES, as in the Huntington protein
[12,15]. The association of Mad1 and Mad2 proteins with Tpr has
been shown to affect mitotic spindle checkpoint signalling [16].
Depletion of Tpr causes a chromosome lagging phenotype and this
phenomenon is due to the loss of interaction between Tpr and
dynein complex [17]. The Tpr homolog of Arabidopsis has been
implicated in the regulation of mRNA export and SUMO
homeostasis, and has been shown to influence various aspects of
plant development like flowering time [18,19]. The interaction
between transcription factor HSF-1 and Tpr has been shown to
facilitate the export of stress induced Hsp-70 mRNA [20]. In a
previous study we have identified Tpr as a substrate of MAP
kinase ERK2 and identified the ERK2 mediated phosphorylation
sites on Tpr [21,22]. Tpr has been demonstrated to act as an
ERK2 scaffold in NPC, in turn resulting in phosphorylation of
substrates that interact with Tpr.
Conventionally in eukaryotes, unspliced RNA is retained in the
nucleus, and only processed mRNA is exported through the NPC.
However, retroviruses have developed mechanisms to overcome
this regulation, thus enabling unspliced genomic RNA to be
exported and finally packaged. These mechanisms can be
classified into two types, Rev dependent and Rev independent.
The Rev dependent pathway, employed by the Human Immuno
deficiency Virus (HIV), utilizes retroviral Rev protein bound to the
Rev response element (RRE) [3] present in the unspliced
transcripts [23,24]. Once bound to RRE, Rev recruits host
cellular factors such as Exportin-1 [25] and Sam68 (Src associated
PLoS ONE | www.plosone.org 1 January 2012 | Volume 7 | Issue 1 | e29921in Mitosis 68), to effect nuclear export through NPC. Sam68, a
member of the STAR (Signal Transduction and Activation of
RNA) family of proteins is functionally regulated by nuclear
kinases SIK/BRK [26]. The Rev independent mechanism to
export unspliced RNA is used in Mason Pfizer Monkey Virus
(MMPV). This is mediated by a cis – acting element present in the
unspliced transcript, known as the Constitutive Transport Element
(CTE) [27], which directly recruits host cellular factors for
exporting intron-containing RNA.
In the present study we report the results of a comprehensive
analysis of nucleoporin Tpr’s role in modulating protein import/
export, mRNA export and the export of unspliced RNA. We find
that Tpr does not seem to play any significant role in regulating
protein import/export and mRNA export. However, it plays a
definitive role in modulating CTE- mediated export of intron-
containing RNA. Depletion of Tpr results in the enhancement of
CTE function ensuring an increase in the export of Gag/Pol-CTE
RNA, thus leading to a subsequent proportional rise in the Gag/
Pol protein levels. Our data indicates that Tpr is a novel
modulator of unspliced RNA export in mammalian cells, and its
function is independent of those proteins which are known to
promote CTE- mediated export of unspliced RNA. The results of
our study clearly establish the importance of Tpr’s localization at
the NPC in facilitating the regulation of export of unspliced RNA
in mammalian cells.
Results
Tpr does not play a significant role in cellular protein
transport or in mRNA export
Nucleoporin Tpr has been reported to play a role in nuclear
export of proteins containing leucine rich nuclear export signal,
[12] and the ectopic expression of mammalian Tpr has also been
reported to result in the accumulation of poly (A)
+ RNA in the
nucleus [28]. We sought to comprehensively investigate the role of
Tpr in nucleocytoplasmic transport of macromolecules. In order to
examine the function of Tpr in cellular transport of proteins and
nuclear export of mRNA, we depleted Tpr protein in HEK293T
cells using three independent siRNA oligonucleotides. When the
levels of Tpr were analyzed 48 hours post transfection, diminution
in Tpr levels could be seen with all three siRNA oligos (Fig. 1A).
Indirect immunofluorescence microscopy using mouse monoclo-
nal anti-Tpr antibodies corroborated these findings (Fig. 1B).
Love et al., [29] have established an exceedingly useful system
to investigate import and export of proteins in HeLa cells. In these
cells, chimeric Rev- Glucocorticoid-GFP Receptor protein (chi-
meric GFP) is localized to the cytosol in the absence of any
treatment, and upon the addition of dexamethasone it translocates
into the nucleus. Subsequent to the removal of dexamethasone,
the chimeric GFP is exported back to the cytoplasm. Cells
expressing this chimeric GFP protein were transfected with either
the Non-Specific siRNA (NS-Si) or Tpr-siRNA (TSi) oligonucle-
otides and incubated for 48 hours to achieve the knockdown of
Tpr protein (Fig. 2A). When import of the chimeric GFP protein
was investigated by incubating the cells with dexamethasone,
import rates were observed to be similar for both NS-Si and TSi
treated cells (Fig. 2B), indicating absence of any role for Tpr in
protein import. Subsequently, the export of the chimeric GFP-
protein was visualized at different time intervals after the removal
of dexamethasone. Interestingly, we observed slight, but repro-
ducible, decrease in the rate of chimeric GFP protein export in the
cells treated with TSi in comparison with those treated with NS-Si,
at 30 and 60 min after washing off the drug/hormone. However,
2 h after the drug was removed, complete translocation of
chimeric GFP to the cytosol was noticed in both cases (Fig. 2C).
These results indicate that Tpr may have a limited role in
modulating the rate of protein export. To investigate the role of
Tpr in export of processed poly (A)
+ mRNA, we knocked down
Figure 1. Tpr knockdown in HEK293T cells mediated by RNA interference. (A) Western blot analysis of whole cell extracts made from cells
after 48 hours after treatment either with Non-specific siRNA (NS-Si) or three different Tpr siRNA’s (TSi, TSi-1, TSi-2), probed with anti-Tpr and anti-ERK
antibodies. (B) Immunofluorescence analysis of cells 48 hours after transfection with various Tpr siRNA oligonucleotides. Clear staining of nuclear
membrane is seen in cells treated with NS-Si whereas only traces of staining is detected in cells where Tpr is knocked down.
doi:10.1371/journal.pone.0029921.g001
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hybridization using FITC tagged oligo(dT) probe (Fig. 2E). The
distribution of poly (A)
+ mRNA was found to be comparable in
both control and in Tpr depleted cells (Fig. 2E). Based on these
results, we conclude that Tpr does not play a role in translocation
of proteins or poly (A)
+ mRNA across the nuclear membrane.
Tpr modulates CTE dependent export of unspliced RNA
Tpr homologs in S.cerevisiae, Mlp1 and Mlp2, were reported to
play a role in export of unspliced RNA [30]. Towards analyzing
the role of Tpr in the nucleocytoplasmic export of intron-
containing RNA, we utilized well characterized Gag/Pol reporter
constructs containing either a Rev response element (RRE) [3] or
a constitutive transport element (CTE) [26,31,32,33,34]. These
reporter constructs contain coding sequences of Gag/Pol proteins
of HIV within an intron, followed by either RRE or CTE. We first
examined the possibility of a role for Tpr in RRE-dependent
export. Western blot analysis showed that when Tpr was indeed
knocked down there was negligible variation in the Gag protein
cleavage products p55, p41 and p24 (Fig. 3A). The levels of Gag
Figure 2. Depletion of Tpr has no significant effect on cellular protein transport and mRNA export. (A) Western blot analysis of extracts
of HeLa cells made 48 hours after treatment with TSi. (B) HeLa cells which stably express hormone responsive GFP reporter construct (RGG) were
transfected with NS-Si or TSi. Import of chimeric GFP was monitored by fixing the cells with 4% paraformaldehyde at different times post
dexamethasone treatment. (C) Export of RGG construct was tracked at indicated time points after removal of the hormone. (D) Western blot
depicting Tpr knockdown in HEK293T cells after 48 hours after siRNA transfection. (E) Fluorescence in situ hybridization with FITC-oligo(dT) probe to
assess distribution of poly(A)
+ mRNA in HEK293T cells transfected with TSi.
doi:10.1371/journal.pone.0029921.g002
Figure 3. Elevated p24 levels resulting from enhanced CTE function are observed in Tpr knockdown cells. (A) HEK293T cells were
transfected with either NS-Si or with different siRNA oligos against Tpr along with 100 ng of Gag/PR-RRE, 75 ng of pcDNA3-Flag-Rev and 100 ng of
CMV- b-Gal constructs. 48 hours post transfection the lysates were resolved on SDS-PAGE, transferred on to nitrocellulose membrane and probed
with anti-Tpr, anti-ERK and anti-p24 antibodies. (B) p24 and b-Galactosidase levels in each of the samples were assayed. The p24 values were then
adjusted against variations in b-Gal readings and the normalized values are presented here. Average values of three independent transfections are
presented; the error bars represent the standard deviation. (C) Western blot of HEK293T cell extracts depicting elevated levels of Gag/pol protein
cleavage products in cells transfected with Gag/Pol-CTE reporter construct, CMV- b-Gal and different Tpr siRNA’s. (D) Effect of Tpr knockdown on p24
expression from Gag/pol-CTE reporter as demonstrated by p24 ELISA readings after normalization against b-Galactosidase levels.
doi:10.1371/journal.pone.0029921.g003
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ELISA, which measures the amount of processed Gag protein
(p24). It is apparent from the data presented (Fig. 3B, Fig. S1A and
S1B), that the levels of p24 in the extracts remained the same,
irrespective of Tpr protein levels, indicating that Tpr does not play
any role in RRE-Rev dependent export of unspliced RNA.
We then investigated the possible role of Tpr in regulating
CTE-dependent export of unspliced RNA. Western blot analysis
of extracts made from cells treated with Tpr siRNA showed that
decrease in Tpr expression significantly increases levels of Gag
protein cleavage products p55, p41 and p24 (Fig. 3C). We
observed an ,8–10 fold increase in the normalized p24 levels in
the extracts prepared from TSi transfected cells compared with the
NS-Si transfected cells (Fig. 3D, Fig. S1C and S1D). Next, we
sought to investigate if the phenomenon of Tpr mediated
regulation of unspliced RNA export can be observed in cells
other than HEK293T. Results demonstrated enhanced CTE
function upon Tpr depletion in COS-1 and HeLa cell lines (Fig. 4A
and 4B, Fig. S2A and S2B). Though the fold increase in the export
of unspliced RNA is different for different cell lines, the key finding
that Tpr plays a role in retention of unspliced RNA in the nucleus
could be consistently observed in all three cell lines. In order to
rule out the possibility that the detected increase in nuclear export
of reporter gene is limited to gag/pol gene, we created a Luciferase
(Luc) reporter construct, in which the coding sequence of the luc
gene was sandwiched between 59 and 39 splice site sequences
originating from the HIV gag/pol gene followed by CTE (Fig. 4C).
As evident from Figure 4, diminution of Tpr levels (Fig. 4D)
resulted in ,6–8 fold increase in the normalized luciferase activity
(Fig. 4E, Fig. S2C and S2D). Taken together, these results suggest
a regulatory role for Tpr in modulating CTE-dependent export of
unspliced RNA.
Ectopic and stable expression of siRNA resistant Tpr
rescues CTE mediated unspliced RNA export
To reinforce our findings we attempted to rescue the phenotype
of increased export of unspliced RNA by co-transfecting cells with
a plasmid containing siRNA-resistant tpr gene and TSi oligonu-
cleotide. In order to generate an siRNA resistant Tpr clone, we
have introduced silent point mutations into the wobble positions in
the TSi’s target sequence by overlapping PCR (Fig. 5A). As
expected, in the cells co-transfected with TSi and FLAG-Tpr
construct the levels of the Tpr detected are similar to those
observed in TSi transfected cells (Fig. 5B; compare lane 4 with 2).
However, when the cells are co-transfected with TSi and FLAG-
Tpr-Si construct, the Tpr levels detected were almost equivalent to
control (Fig. 5B; compare lane 6 with 1), indicating that the rescue
plasmid is indeed resistant to siRNA. Indirect immunofluorescence
microscopy using mouse monoclonal anti-Flag antibodies indicat-
ed that the efficiency of transfection is ,40–60% (Fig. 5C and
Figs. S3A and S6C). Similar to the results in Figure 3, we observed
significant increase in the levels of normalized p24 when the
intracellular Tpr was knocked down using TSi, which predictably
did not alter when the cells were co-transfected with FLAG-Tpr
(Fig. 5D, Fig. S3B and S3C). We observed an almost threefold
reduction in the p24 levels when Tpr levels were restored by co-
transfecting the cells with the siRNA resistant construct. However,
even with repeated experimentation, the levels of the normalized
p24 did not lower to control levels. This is most likely due to the
fact that all Tpr knockdown cells do not express FLAG-Tpr-Si and
the expression levels varied from cell to cell (Fig. 5C). In order to
address this problem, we generated HEK293T stable cell lines
expressing either the wild-type FLAG-Tpr or FLAG-Tpr-Si.
Indirect immunofluorescence data suggests similar and uniform
expression of FLAG-Tpr and FLAG-Tpr-Si constructs (Fig. 5E).
Importantly, when the lysates were probed with FLAG antibodies
we observed the expression levels of FLAG tagged Tpr in stably
transfected cells to be almost equivalent (Fig. 5F). The normalized
p24 levels resulting from Tpr depletion in Flag-Tpr stable cell line
were similar to those obtained with parental 293T cells (Fig. 5G).
When Flag-Tpr-Si stable cells were transfected with either NS-Si
or TSi and Gag/Pol-CTE, we observed almost fourfold reduction
in the p24 levels compared to FLAG-Tpr stable cell line (Fig. 5G
and Fig. S3D and S3E). These findings show that the regulation of
CTE mediated p24 gene expression can be specifically attributed
to the alterations of Tpr levels in HEK293T cells.
Tpr depletion enhances CTE mediated export of
unspliced RNA from the nucleus
Increase in the normalized p24 levels can also be attributed to
increased translation of gag/pol RNA in the cytosol. In order to
ascertain if the Tpr dependent increase in the p24 protein levels is
indeed due to the export of unspliced RNA, we performed
quantitative real time PCR analysis. Nuclear and cytoplasmic
fractionation was performed as described and RNA and protein
fractions were prepared from the extracts. Western blotting
analysis (Fig. 6A) clearly showed presence of Tpr in nuclear
fraction and tubulin in the cytoplasmic fraction. Further, soluble
nuclear proteins 53BP1, CyclinA and the nuclear marker Lamin
could be detected only in the nuclear fraction indicating the
fractions obtained were free of any contamination. Real time PCR
analysis established that the cytoplasmic unspliced Gag/Pol-CTE
RNA was significantly higher in the Tpr depleted cells compared
with NS-Si treated cells, suggesting increased export of unspliced
RNA transcripts (Fig. 6B). Similar fold change in the nuclear and
cytoplasmic mRNA levels was also observed in case of unspliced
Luc-CTE RNA (Fig. 6C). The increase in the cytoplasmic
unspliced RNA levels is reflected in the proportionate increase
in the p24 levels shown in Figures 3, 4, and 5, reinforcing the fact
that Tpr regulates CTE-mediated export of intron containing
mRNA. To our surprise, we found that nuclear CTE mRNA
levels were also ,2–3 fold higher in the absence of Tpr (Fig. 6B
and 6C). Yeast homologs of Tpr, the Mlp proteins have been
shown to downregulate the expression of genes in response to the
presence of aberrant RNA transcripts [35]. We speculate that the
increase in the CTE-mRNA pools in the nucleus could be due to
increased expression of the CTE-mRNA transcripts in Tpr
depleted cells and/or increased stability of these transcripts in
the nucleus when Tpr is knocked down. It is possible that in
addition to regulating the export of unspliced RNA by causing
them to be retained in the nucleus, Tpr may play a role in
modulating the processing of mRNA molecules before the
transcripts are actually exported.
Tpr mediated regulation of unspliced RNA export is
independent of Sam68 and Tap functions
Previous reports have demonstrated a critical role for Sam68
and Tap proteins in the enhancement of CTE function by
increasing the stability and utilization of unspliced RNA [26,34].
In an effort to understand the mechanism behind Tpr mediated
regulation, we studied the effect of Sam68 and Tap depletion as
well as overexpression on CTE mediated export in Tpr deficient
cells. HEK293T cells were co-transfected with Gag/Pol-CTE and
CMV- b-Gal reporter constructs along with NS-Si or TSi in
combination with either Tap-siRNA or Sam68-siRNA and
analyzed 96 hours after siRNA treatment in order to obtain
efficient knockdowns. Western blot analysis of the lysates showed
Regulation of Unspliced RNA Export by Tpr
PLoS ONE | www.plosone.org 5 January 2012 | Volume 7 | Issue 1 | e29921Figure 4. Depletion of mammalian Tpr significantly enhances CTE function. (A) HEK293T, COS-1 and HeLa cells were transfected with either
NS-Si or TSi along with Gag/Pol-CTE reporter construct, and the lysates were probed with anti-Tpr, anti-ERK antibodies. (B) The cell lysates were
assayed for p24 and b-Gal expression and the p24 levels were normalized using b-Gal readings. (C) Schematic representation of the Luciferase-CTE
(Luc-CTE) reporter construct. (D) Western blot analysis of extracts of HEK293T cells co-transfected with NS-Si or TSi, CTE-Luc and CMV- b-Gal, to
examine Tpr knockdown 48 hours after transfection. (E) The luciferase activity in the samples was recorded and the readings were adjusted against
variations in b-Gal readings.
doi:10.1371/journal.pone.0029921.g004
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treatment with their respective siRNA (Fig. 7A). However, the
depletion of Tap upon siRNA treatment was not very efficient
(Fig. 7A). Analysis of normalized p24 in the cells lysates showed
that depletion of Tap or Sam68 by themselves do not greatly
influence the export of unspliced RNA (Fig. 7B, Fig. S4A and
S4B). Interestingly, depletion of Tpr and Sam68 together resulted
in decreased p24 in the cytosol. This may be due to the fact that
Sam68 is known to be required for stabilization of unspliced RNA
[36], which may have been compromised to an extent in its
absence. Tap/Nxf1 has been shown to have an effect on the
export of mRNA from the nucleus in various model systems
[37,38,39,40]. Yet we did not observe noticeable decrease upon
partial depletion of Tap either in p24 or b-GAL levels (Fig. S4A
Figure 6. Tpr Depletion enhances CTE mediated unspliced RNA export from the nucleus. (A) Western blot analysis of cytosolic and
nuclear fractions using anti-Tubulin, anti-Lamin, anti-Tpr, anti-53BP1 and anti-CyclinA antibodies. (B) Real-Time PCR analysis of mRNA isolated from
nuclear and cytoplasmic fractions of HEK293T cells co-transfected with Gag/Pol-CTE construct and NS-Si or TSi. (C) Luc-CTE RNA levels in the nucleus
and cytoplasm of cells transfected with pcDNA3-Luc-CTE construct and NS-Si or TSi measured by real time PCR.
doi:10.1371/journal.pone.0029921.g006
Figure 5. Ectopic and stable expression of siRNA resistant Tpr rescues CTE mediated unspliced RNA export. (A) Schematic
representation of the silent point mutations that were introduced into the nucleotide sequence of Tpr, to protect it from being targeted by siRNA
duplexes. (B) Immunoblot demonstrating the restoration of Tpr levels upon co- transfection of FLAG-Tpr-Si construct with TSi. 2 mg of Flag-Tpr or
Flag-Tpr-Si were used for transfection. (C) Indirect immunofluorescence microscopy of HEK293T cells transfected with Wild-type Flag-Tpr clone or
siRNA resistant clone of Tpr along with NS-Si or TSi using mouse monoclonal anti-Flag antibodies (D) p24 and b-Galactosidase levels in each of the
samples were analyzed. The p24 values were then adjusted against variations in b-Gal readings. (E) HEK293T cells stably expressing Flag-Tpr or Flag-
Tpr-Si were transfected with either NS-Si or TSi together with Gag/Pol-CTE and CMV- b-Gal plasmids. Western blot of whole cell extracts probed with
anti-Tpr, anti-FLAG and anti-ERK antibodies depicting stable expression. (F) Immunofluorescence analysis of Flag-Tpr or Flag-Tpr-Si stable cells after 2
days of transfection with either NS-Si or TSi oligonucleotides. (G) The cell lysates were assayed for p24 and b-Gal expression and the p24 levels were
normalized with b-Gal readings.
doi:10.1371/journal.pone.0029921.g005
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our results could be due to the differences in the efficiency of
siRNA in knocking down the Tap expression, as the knockdown
detected in our experiment is not as efficient as those presented in
the earlier reports. In order to address this concern, we repeated
the experiment including two additional siRNAs, one an alternate
siRNA (Tap-siRNA-2) and the second, a pool of four different
siRNAs (Tap-siRNA-SP), to deplete Tap/Nxf1 protein. While the
knockdown obtained with Tap-siRNA was similar to our earlier
observation, both Tap-siRNA-2 and Tap-siRNA-SP were quite
effective in depleting Tap protein (Fig. 7C). We also observed that
the recovery of cells was lower after the treatment with the newer
Figure 7. Tpr mediated regulation of unspliced RNA export is independent of Tap/Nxf1 and Sam68’s functions. (A) Cells were
transfected with 1 mg of siRNA against either Sam68 or Tap/Nxf1 along with NS-Si or TSi. The cells were replated the next day and 24 hours after
replating, the cells were transfected once again with siRNA oligos and the reporter constructs. Western blot analysis of extracts of transfected
HEK293T cells confirming the depletion of Tpr, Sam68 and Tap/Nxf1 proteins on treatment with respective siRNA’s. (B) 48 hours after the second
transfection, the amount of reporter gene expression from transfected Gag/Pol-CTE and CMV- b-Gal constructs was assayed. The p24 ELISA readings
obtained from the samples were adjusted against variations in the b-Galactosidase readings. (C) Cells were transfected with 1 mg of different siRNA
oligos against Tap/Nxf1 along with NS-Si or TSi. The cells were replated the next day and 24 hours after replating, the cells were transfected once
again with siRNA oligos and the reporter constructs. Western blot of extracts of transfected HEK293T cells to analyze the depletion of Tpr and Tap/
Nxf1 proteins. (D & E) The amount of reporter gene expression from transfected Gag/Pol-CTE and CMV- b-Gal constructs were assayed.
doi:10.1371/journal.pone.0029921.g007
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Consistent with the previous studies, when we depleted Tap with
siRNA2 and siRNA-SP, we observed significant decrease in the b-
galactosidase activity in the lysates (,50%; Fig. 7E). Since the b-
galactosidase activity was affected by the TAP depletion, we have
not normalized the p24 readings. Interestingly, we did not detect
substantial reduction in the p24 levels, indicating that the export of
unspliced RNA seems to be independent of TAP depletion
(Fig. 7D).
Overexpression of Sam68 has been shown to enhance the
stability and utilization of unspliced RNA, thus resulting in
increased p24 levels [26]. Tap overexpression has been shown to
improve the cytoplasmic utilization of Gag/Pol-CTE mRNA
[34]. If Tpr depletion and Sam68 overexpression were to
enhance the export in an inter-dependent manner, a combina-
torial effect of depletion and overexpression would not be more
than the independent effects. However, if they were to modulate
the process independently, one would expect a cumulative effect.
To address these two possibilities, we overexpressed either HA-
Sam68 or HA-Tap in the cells transfected with either NS-Si or
TSi and measured the normalized p24 levels in the extracts.
Western blot data depicted in Figure 8A shows effective
depletion of Tpr and overexpression of HA-Tap and HA-
Sam68. In the samples where Tap or Sam68 were overexpressed
in presence of NS-Si, we detected increase in the normalized p24
in the extracts as compared to NS-Si only (Fig. 8B). Depletion of
Tpr by itself had significant effect on p24 levels in the extract
(Fig. 8B). Interestingly, in the sample where Tap was overex-
pressed in the presence of TSi, we did not observe any further
increase (Fig. 8B, Fig. S4C and S4D). In contrast, when Sam68
was overexpressed in Tpr depleted cells, we observed a modest
synergistic increase in the p24. Further, analysis of Gag/Pol-
CTE RNA levels in these samples by quantitative real time PCR
demonstrated the same trend (Fig. 8C). Depletion of Tpr by itself
increased the Gag/Pol RNA levels both in nucleus and
cytoplasm, which did not substantially alter when Tap was
overexpressed (Fig. 8C). This is not very surprising as Tap is
shown to improve the cytoplasmic utilization of Gag/Pol-CTE
RNA, which can only happen after its export [34]. However,
when Sam68 was overexpressed in Tpr depleted samples, we
observed significant increase in the Gag/Pol RNA levels
(Fig. 8C), which was in turn reflected in increased p24 levels
(Fig. 8B). Based on these results we believe that both Tpr and
Sam68 regulate unspliced RNA export at different stages and a
Figure 8. Overexpression of Sam68 in Tpr depleted cells leads to synergistic increase in the unspliced RNA export. (A) 48 hours after
transfection with NS-Si and TSi, HEK293T cells were re-transfected with the same siRNA oligos along with Gag/Pol-CTE and CMV- b-Gal plasmids and
2 mg of HA-Sam68 or HA-Tap/Nxf1constructs. The lysates thus obtained were analyzed by Immunoblot for knockdown of Tpr and overexpression of
HA-Sam68 and HA-Tap (B) The amount of p24 and b-Gal expression was estimated in the lysates and the obtained values were normalized. (C) Real-
Time PCR analysis of mRNA isolated from nuclear and cytoplasmic fractions of HEK293T cells co-transfected with either NS-Si or TSi along with HA-
Sam68 or HA-Tap/Nxf1constructs and Gag/Pol-CTE reporter plasmid.
doi:10.1371/journal.pone.0029921.g008
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synergistic effect.
Nucleoporin Nup153, a Tpr anchoring protein is also
involved in regulating unspliced RNA export
Our results thus far firmly established a role for Tpr in
regulating CTE mediated unspliced RNA export. However, there
exists the possibility that in addition to Tpr, other nucleoporins
known to play a role in nucleocytoplasmic transport may also be
involved in this modulation. Nucleoporins with conserved FXFG
(phenylalanine and glycine) repeats in their sequence play a
significant role in mediating nucleocytoplasmic transport by
providing an interaction interface that aids in the translocation
of receptor–cargo complexes through the NPC [41]. Various FG
repeat-containing nucleoporins such as Nup214, Nup358/
RanBP2, which are localized to the cytoplasmic fibrils of the
NPC, and Nup153, Nup98 and Nup50, shown to be present in the
nucleoplasmic side of the NPC, were considered for this study.
Specific siRNAs were used to individually deplete the above
mentioned nucleoporins (Fig. 9A) and the export of Gag/Pol-CTE
RNA was quantitated by measuring the normalized p24 levels in
the protein extracts. While we observed elevated levels of
Figure 9. Nucleoporin Nup153, a Tpr anchoring protein is also involved in regulating unspliced RNA export. (A) HEK293T cells were
transfected with siRNA’s against different nucleoporins together with Gag/Pol-CTE and CMV- b-Gal constructs. Western blot of cell extracts
confirming the depletion of various nucleoporins on treatment with respective siRNA’s. (B) 48 hours post transfection, the amount of p24 and b-Gal
expression was estimated in the lysates and the obtained values were normalized. (C) Cells were transfected with siRNA’s against Nup153 or Tpr or
Nup153+Tpr together with Gag/Pol-CTE and CMV- b-Gal constructs. Western blot of cell extracts confirming the depletion of Nup153 and Tpr on
treatment with respective siRNA’s. (D) The amount of normalized p24 expression was estimated in the lysates.
doi:10.1371/journal.pone.0029921.g009
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were depleted, depletion of the other FG containing nucleoporins
had no effect (Fig. 9B, Fig. S5A and S5B). Interaction between Tpr
and Nup153 has been reported to be required for localization of
Tpr to the nuclear pore [7]. If the increased export of Gag/Pol-
CTE RNA observed upon Nup153 depletion is an independent
function of Nup153, we would expect a cumulative increase when
both Tpr and Nup153 are depleted. We observed enhanced p24
levels when either Tpr or Nup153 are depleted, with Tpr de-
pletion enhancing p24 levels more effectively than Nup153 de-
pletion (Fig. 9C and 9D, Fig. S5C and S5D). However, we did not
observe a cumulative elevation of p24 levels when both of them
were depleted, rather, we detected p24 levels similar to those
observed for Tpr knockdown by itself. These results suggest that
Tpr and Nup153 both regulate the export of unspliced RNA and
they are most likely functioning through the same pathway.
Localization of Tpr at the Nucleopore complex is
necessary for the regulation of CTE mediated Export
In order to determine the region of Tpr that is necessary and
sufficient for regulating export of unspliced RNA, we produced a
series of siRNA resistant deletion constructs of Tpr (Fig. S6A).
Results showed that only the N-terminal fragment and the Tpr-
NM fragment containing both the N- and Middle regions was able
to rescue the phenotype (Fig. S6B and S6C). Tpr has previously
been shown to possess a nuclear localization signal in the carboxy
terminal region, and the N-terminal fragment is reported to
contain a NPC associating domain [28]. When we carried out
immunofluorescence analysis to ascertain the subcellular localiza-
tion of various Tpr fragments, we found TprN and NM to largely
localize to the cytosol (Fig. S6E). However, we cannot rule out the
possibility of at least some amounts TprN and TprNM may be
able to associate with NPC even though they do not localize to the
nuclear interior. Another possibility is that the overexpression of
TprN and TprNM coupled to their largely cytosolic localization
may result in other hitherto unkonwn cellular factors essential for
CTE mediated unspliced RNA export and subsequent gene
expression, being titrated out by TprN and TprNM. Further, we
observed aberrant nuclear blebbing when TprN and TprNM are
overexpressed, and this too may impact CTE mediated RNA
export. These aspects need to be further investigated before any
definitive conclusions may be drawn as some of the effects may be
overexpression phenotypes.
Nup153 has been demonstrated to interact with Tpr and the
interaction is mediated through residues L458 and M489 in the N-
terminal coiled-coil region of Tpr. The interaction has been shown
to be required for the localization of Tpr [7]. The fact that we did
not observe a cumulative effect upon Tpr and Nup153 double
knockdown, and that Tpr-NM fragment rescued the phenotype,
suggested that Nup153 mediated Tpr anchoring may be essential
for modulating Gag/Pol-CTE RNA export. To test this, we
generated siRNA resistant localization deficient mutant of Tpr
(Tpr-L458P/M489P). As expected, FLAG-Tpr-Si was localized to
the nuclear membrane (Fig. 10A). However, in agreement with the
earlier reports [7], the localization of Tpr-L458P/M489P-Si
Figure 10. Localization of Tpr at the Nucleopore complex is important for the regulation of CTE mediated Export. (A)
Immunofluorescence analysis of 293T cells transfected with Flag-Tpr or Flag-Tpr-L458P/M489P-Si constructs. (B) 293T cells were co-transfected with
NS-Si or TSi or Nup153-siRNA, along with Gag/Pol-CTE and CMV- b-Gal reporter constructs, and 2 mg of Tpr-Si or Flag-Tpr-L458P/M489P-Si (Tpr-LM-Si)
constructs. Western blot analysis indicating similar expression levels of Tpr-Si and Tpr-LM-Si constructs after depletion of endogenous Tpr. (C) p24
and b-Galactosidase levels in the whole cell extracts of each of the samples were analyzed. The p24 values were then adjusted for variations in b-Gal
readings.
doi:10.1371/journal.pone.0029921.g010
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expected, when cells were transfected with siRNA resistant FLAG-
Tpr-Si construct, we observed decreased p24 levels (Fig. 10B, Fig.
S7B and S7C). Importantly, presence of siRNA resistant FLAG-
Tpr-L458P/M489P-Si did not bring down the levels of normal-
ized p24, though its expression was similar to FLAG-Tpr-Si
(Fig. 10B and 10C). Taken together, these results provide
compelling evidence that the localization of Tpr to the NPC is
critical for regulating the export of intron containing RNA.
Discussion
In the past few years, several groups have focused their research
on the cellular functions of nucleoporins, including those that are
localized to the nuclear basket region such as Tpr and Nup153.
Tpr has been shown to activate mitotic spindle checkpoint [16]
and its association with dynein complex was shown to be
important for proper segregation of chromosomes during mitosis
[17]. A recent study has shown that nucleoporin Tpr is important
for establishing perinuclear heterochromatin exclusion zones [42].
These observations implicate a critical role for the human Tpr
protein in modulating diverse functions. However, the role played
by nucleoporin Tpr in the nucleocytoplasmic transport of
macromolecules has not been comprehensively investigated.
Studies performed with the yeast homolog of Tpr, Mlp1 reveals
a role for the protein in the nuclear retention of unspliced RNA
[30].
In mammalian cells, mRNA transcripts with unspliced introns
are restricted to the nucleus. Retroviruses overcome this retention
and export their full-length genomic RNA containing introns with
the help of cis-acting elements like RRE (and transactivator protein
Rev) or CTE [24,43,44]. We observed a significant enhancement
of CTE function in Tpr depleted 293T cells, suggesting that Tpr
plays a critical role in restricting the CTE-mediated export of
intron-containing RNA. The fact that the protein transport,
poly(A)
+ mRNA distribution and the Rev-mediated unspliced
RNA export remained unperturbed by Tpr knockdown, indicates
that Tpr may specifically interact either directly or indirectly with
the CTE-mRNP complexes in order to modulate their export
through the NPC. Moreover, an increase in the nuclear CTE-
RNA levels observed in the absence of Tpr also suggests that this
nucleoporin may play an additional role in regulating the
processing of these transcripts.
Sam68, Nxt1/p15 and Tap/Nxf1 proteins have been previously
reported to play a role in enhancement of CTE function
[26,33,34,45]. The formation of Tap and Nxt heterodimers
augments the binding of nucleoporins to Tap, and results in its
increased nucleocytoplasmic shuttling [46]. Association of Nxt1 to
Tap-CTE mRNA enhances the interaction of the mRNP complex
to the NPC, resulting in its efficient export [47]. These proteins
have also been shown to promote polyribosome association of
intron-containing RNA, resulting in their efficient translation [34].
Since depletion of Tpr and expression of Sam68, Tap and Nxt1
regulate the export of unspliced RNA, we investigated the
possibility of direct interactions between Tpr and Tap, Nxt1 or
Sam68. While we observed an interaction between endogenous
Tpr with immunoprecipitated ERK2 [22], we could not detect
any interaction of Tpr with Sam68, Tap or Nxt1 proteins (Fig. S8).
Tap/Nxf1 has been shown to have an effect on the export of
mRNA from the nucleus in various model systems [37,38,39,40].
In our study, upon partial depletion of Tap we observed a slight
reduction in the p24 and b-GAL levels (Fig. 7A and 7B). However,
when Tap was efficiently depleted (Fig. 7C–E), consistent with the
previous findings, we observed a substantial reduction in b-GAL
readings. On the contrary, depletion of Tap, or Tap and Tpr
together, did not significantly alter the p24 levels over the levels
observed upon Tpr depletion alone, suggesting that the change in
Tpr levels is sufficient for the release of CTE-mRNP complexes
into the cytosol. Further, we observed that the simultaneous
depletion of Tpr and overexpression of Sam68 resulted in a
synergistic increase in the export of unspliced RNA. These results
indicate that the mode of regulating unspliced RNA export by
Sam68 and Tpr are likely to be different. As has been shown
earlier, Sam68 is most likely required for stabilizing the mRNA
and for improved cytosolic utilization of unspliced RNA [26],
while the function of Tpr is and may be mediated by either direct
interaction, or through some unidentified RNA binding protein.
In yeast, the RNA binding proteins Yra1p and Nab2p have been
shown to be essential for the docking of mRNP complexes near the
Mlp export gate located at the nuclear membrane [35]. A recent
study demonstrated that depletion of a RNA endonuclease protein
Swt1 resulted in nuclear poly (A)+ mRNA accumulation and
enhanced the cytoplasmic leakage of unspliced pre-mRNAs in
mlp1D and nup60D Mutants [48]. The homologs of Swt1 in
humans, Smg5 and Smg6 proteins which were shown to play a
role in nonsense- mediated mRNA decay [49,50,51]. Our
preliminary data with the depletion of Smg5 and Smg6 proteins
in Tpr knockdown cells to study the CTE dependent unspliced
RNA export revealed no significant effect of these proteins (data
not shown). Future studies would aimed at investigating the role of
mammalian homologs of yeast proteins in regulating Tpr
mediated unspliced RNA export.
FG repeat containing nucleoporins in the NPC are known to be
required for transport of macromolecules across the nuclear pore
[41,52]. Members of the karyopherin/importin superfamily, the
mRNA export receptor Mex67/Mtr2, and the Ran transporter
Ntf2, have been shown to specifically interact with FG Nups
[53,54]. We did not detect increased p24 levels, when we depleted
Nup98, Nup214, Nup358 and Nup50. Nup98 is a nucleoporin
that has been shown to associate with the intranuclear Tpr
filaments [11]. Powers, et al., have shown that the injection of
monospecific polyclonal anit-Nup98 antibodies into the nucleus,
inhibited export of multiple classes of RNA, including mRNA
[55]. Nup98 has also been shown to interact with mRNA transport
factors such as Rae1 and Tap/Mex67 [39,56]. We observed that
siRNA mediated depletion of Nup98 did not significantly affect
either p24 or b-GAL readings (Fig. S5A and S5B), suggesting that
Nup98 does not play a significant role in the export of unspliced
RNA or mRNA. The differences detected in our observations
could be due to the variance in the methods used for investigation.
However, one needs to perform a systematic investigation using
multiple methods to delineate the role played by Nup98 in mRNA
export.
Interestingly, depletion of Nup153, an FG repeat containing
nucleoporin that plays a critical role in various cellular processes
including cell cycle progression [57], resulted in increased p24
levels. The overexpression of Nup153 has been shown to cause an
accumulation of poly(A)
+ mRNA in the nucleus [58], and the
injection of antibodies against Nup153 were reported to block
NES mediated export of proteins, U1 snRNA, 5sRNA and spliced
mRNA [59]. The observed increase in p24 levels upon Nup153
depletion, though significant, was not as effective as that seen upon
depletion of Tpr. A combined knockdown of Nup153 and Tpr did
not show synergistic effect on the p24 levels, indicating that both of
them most likely are functioning through the same pathway. In a
previous study, Nup153 has been demonstrated to be required for
anchoring Tpr to the NPC [7], and the L458 and M489 residues
in the N-terminal region of Tpr have been shown to be necessary
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on CTE-mediated export may be due to the possibility that
Nup153 depletion prevents or destabilizes NPC binding of Tpr,
and demonstrates that the association of Tpr with the NPC is
critical for its function. The results we obtained with localization-
deficient Tpr mutant whereupon mislocalization of Tpr to the
interior of the nucleus resulted in failure to regulate the RNA
export, suggests that perinuclear localization of Tpr is an
important step in regulating CTE mediated export.
While this manuscript was under preparation, Hammarskjold’s
group reported that Tpr regulates the export of mRNA with a cis-
acting CTE element and that the transport of intron-containing
mRNA’s through the Crm1 pathway is unaffected by Tpr [60].
The authors also showed that rescue with siRNA resistant form of
Tpr suppresses the effect on CTE mediated export and that the
co-expression of Sam68 and Tpr-shRNA led to significant en-
hancement of p24 expression. These results corroborate our
findings [60]. The authors suggest that the additive effect seen
upon Sam68 over expression and Tpr knockdown, may be due to
cross- talk between the two proteins, however, in our study we did
not detect any direct interaction between Tpr and Sam68 (Fig.
S8). Based on their experimental results Coyle et al also suggest
that freshly formed Tpr molecules, which constitute minor but
dynamic nuclear Tpr protein pools, which are involved in
transcriptional regulation of CTE-mRNP complexes are sufficient
for enhancement of p24 expression. The fact that we observe an
increase in the nuclear CTE-mRNA levels upon Tpr depletion is
in support of this hypothesis. The results of our experiments with
Nup153 siRNA-mediated knockdown, as well as Tpr localization
mutant studies, indicate that Tpr localized to the NPC plays a
critical role in regulating unspliced RNA export. Apart from the
regulatory role of Tpr in nuclear export, the authors report that
depletion of Tpr leads to an increased association of CTE-mRNP
complexes at the polyribosomal complexes, demonstrating a role
for nucleoporin Tpr in the cytoplasm. However, Tpr depletion
had no bearing on the stability of Gag/Pol protein in the cytosol.
While our study does not address possible roles of Tpr in the
cytoplasm, an increase in the nuclear CTE-mRNA pool upon Tpr
depletion (Fig. 6) suggests a role for Tpr in the nucleoplasm.
Taking together the findings of both studies, it appears the
regulation of CTE-mediated unspliced RNA export is a complex
and controlled phenomenon involving a plethora of proteins
acting at various levels in the nucleus, of which nucleoporin Tpr is
an important modulator. Future investigations would be directed
towards identifying the key RNA binding proteins interacting with
Tpr, and deciphering the precise mechanism by which Tpr
modulates CTE-dependent unspliced RNA export.
Materials and Methods
Plasmid Constructs and siRNA Oligonucleotides
The siRNA oligonucleotides (Table S1) were purchased from
either Dharmacon or Invitrogen. pCMV-Gag/Pol-CTE, pCMV-
Gag/PR-RRE and pCMV-b-Gal constructs were kindly provided
by Dr. Marie-Louise Hammarskjold Coyle [26] (University of
Virginia), Dr. Hans-Georg Krausslich [33] (University of Ham-
burg) and Dr. Sagar Sengupta (National Institute of Immunology)
respectively. HEK293T, COS-1 and HeLa cells were procured
from ATCC, USA.
The construction of pcDNA3-FLAG-TprFL plasmid has been
reported previously [22]. The Tpr-Si and Tpr-L458P/M489P
clones were generated by overlapping PCR using specific primers.
The Luc-CTE construct was generated by amplifying the 59 Splice
site region, and 39 Splice site region, CTE region, and luciferase
gene, and cloning them into pcDNA3.1 vector. FLAG-Rev and
HA-Tap was generated by amplifying the coding regions and
cloning them into pcDNA3-FLAG and pcDNA3-HA vectors,
respectively. The HA-Sam68 clone was from Addgene (plasmid
17688; [61]).
Cell Culture, Transfection and Generation of stable cell
lines
HEK293T, COS-1 and HeLa cells were grown in DMEM
supplemented with 10% fetal bovine serum (FBS). All transfections
in HEK293T cells were performed in 6 well plates using calcium
phosphate method. The transfections in HeLa, and COS-1 cells
were performed by using Lipofectamine 2000 (Invitrogen) as per
the manufacturer’s recommendations. To analyze CTE- mediated
export, cells were transfected with 250 ng pCMV-Gag/Pol-CTE,
100 ng pCMV- b-Gal and 1 mg of appropriate siRNA. In all the
transfections, the final amount of plasmid DNA present in the
transfection mix has been equalized by addition of appropriate
amount of pCDNA3-FLAG vector. Cells were harvested 48 hours
after transfection for further analysis unless mentioned otherwise.
FLAG-Tpr and FLAG-Tpr-Si stable cell lines were generated by
transfecting the constructs into HEK293T cells using Lipofecta-
mine 2000 (Invitrogen). Twenty four hours after transfection, 10
4
cells were plated in a 100 mm dish in medium containing 600 mg/
ml Geneticin (Invitrogen), and incubated for 10 days. The colonies
obtained were individually expanded and checked for expression
of the introduced genes by Western Blot and indirect immuno-
fluorescence analysis using anti-FLAG antibodies (Sigma).
p24 ELISA and b-Galactosidase assay
Harvested cells were lysed with M2 Lysis buffer (50 mM Tris-
HCl, 150 mM NaCl, 10% Glycerol, 1% Triton X-100, 0.5 mM
EGTA, 0.5 mM EDTA) containing protease inhibitor cocktail
(Roche). Lysates were clarified by high speed centrifugation. p24
expression levels were determined by sandwich ELISA using anti-
mouse and anti-rabbit p24 monoclonal antibodies (obtained from
AIDS Research and Reference Reagent program). b-Galactosi-
dase (b-Gal) activity was assayed by incubating the lysate with
400 mgo fo-nitrophenyl-b-D-galactopyranoside (ONPG) in Z
buffer (40 mM Na2HPO4.7H2O, 60 mM NaH2PO4.H2O,
10 mM KCl, 1 mM MgSO4.7H2O) for 15 to 30 minutes and
measuring absorbance at 420 nm. The p24 readings obtained
from ELISA were then normalized with respect to b-Galactosidase
readings. The data presented in the figures are average values
obtained from three independent transfections; the error bars
represent the standard deviation.
Immunoblotting and Immunofluorescence
The mouse monoclonal antibody against Tpr (ab58344), anti-
Nup153, anti-Nup98, anti-Nup214, anti-Sam68 and anti-Tap
antibodies were from Abcam, anti-Nxt-1 and anti-cyclinA
antibodies were from Santa Cruz Biotechnology. The anti-
53BP1 antibody was kindly provided by Dr. Sagar Sengupta,
anti-Erk2, anti-LaminA/C, and anti-Tubulin antibodies were
purchased from Cell Signalling Technology. Anti-Nup358 anti-
body was kindly provided by Dr. Jomon Joseph. All secondary
antibodies were obtained from Jackson Immuno Research
Laboratories. Typically, 50 mg of the lysates were analyzed in
Western Blot analysis after resolution on 10% SDS-PAGE.
Immunofluorescence analysis was carried out with cells fixed with
4% paraformaldehyde, followed by permeabilization with 0.1%
Triton X-100 for 10 minutes. Blocking was carried out with 10%
normal chicken serum (NCS) at 4uC (12 hours), followed by
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using mounting medium containing DAPI (Vectashield) and
visualized with the help of Carl Zeiss Axiovision LSM 510 Meta
confocal microscope.
Protein Transport and mRNA export Assays
The HeLa cell line stably expressing a chimeric Rev-GFP-
Glucocorticoid Receptor protein (RGG) [29] was kindly provided
by Dr. Jomon Joseph. Two 60 mm dishes of the above cells
(5610
5 cells/dish) were transfected with 4 mg of NS-Si or TSi.
24 hours post-transfection, cells were trypsinized and plated on to
coverslips (10
5 cells/coverslip) and allowed to recover for 24 hours.
We monitored the import of chimeric GFP by fixing the cells with
4% paraformaldehyde at different times post dexamethasone
treatment. To study nuclear export, the cells treated with 1 mM
dexamethasone for 60 minutes were washed to remove the
hormone, and were replenished with fresh medium for different
time intervals, as indicated.
An FITC-conjugated oligod(T) 23mer probe was procured from
Integrated DNA Technologies (USA). Fluorescence in situ hybridization
was performed with this probe to analyze poly (A)
+ mRNA export
in HEK293T cells. 48 hours after siRNA transfection to induce
Tpr knockdown, the cells (grown on coverslips) were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100.
The cells were incubated in a moist chamber for 3 hours at 37uC
with the hybridization mix containing 206 SSC, 50% dextran
sulphate, 1 mg/ml yeast tRNA and 1 pmol/ml of the labelled
probe. Stringent post hybridization washes were done with 46
SSC and 0.1% Tween 20. Blocking was carried out with 10%
normal chicken serum (NCS), followed by incubation with
appropriate antibodies.
RNA Isolation and qRT-PCR
HEK293T cells were harvested 48 hours after transfection with
either NS-Si or TSi. Cells were lysed in Hypotonic Lysis Buffer
(20 mM HEPES-NaOH, 2 mM EGTA and 2 mM MgCl2) for
10 min and subsequently centrifuged at 1200 r.p.m to sediment
the nuclei and to obtain the cytoplasmic fraction as the
supernatant. The nuclear pellet was washed once in the Cell
fractionation buffer (PARIS Kit, Ambion). The Nuclear lysis and
preparation of RNA from both cytosolic and nuclear extracts was
performed using the PARIS kit according to manufacturer’s
recommendations. Synthesis of cDNA using an oligo (dT) primer
was carried out by RETROscript Kit (Ambion). This cDNA was
used for real time quantitative PCR analysis of Gag-Pol-CTE and
ERK2 (reference) genes using gene specific primers. The results
obtained from real-time PCR data are represented as CT values,
where CT is defined as the threshold cycle number at which there
is a detection of amplified product. The average CT was
calculated for both the target gene (Gag-Pol-CTE or Luc-CTE)
and ERK2 (Control) and the DCT was determined as (the mean of
the triplicate CT values for the CTE gene) minus (the mean of the
triplicate CT values for ERK2). The DDCT represents the
difference between the Tpr knockdown cells and Control cells,
as calculated by the formula DDCT=(DCT of Tpr Knockdown
cells - DCT of control cells). The N-fold differential expression of
the target gene (Gag-Pol-CTE or Luc-CTE) in Tpr depleted cells
versus the control cells transfected with NS-Si, was expressed as
2
2DDCT [62].
Supporting Information
Figure S1 Role of Tpr in Rev dependent and CTE
mediated unspliced RNA export. (A) Gag/PR-RRE reporter
construct along with Flag-Rev and CMV- b-Gal plasmids were co-
transfected with various Tpr siRNA oligos, and the lysates were
assayed for p24 expression 48 hours later. (B) b-Galactosidase
levels in each of the samples were assayed. Bars represent the
mean of values obtained and the error bars represent the standard
deviation (s.d) of values obtained from three independent
transfections. The corresponding normalized p24 values (with
respect to b-Gal) are represented in Figure 3B. (C) p24 ELISA
readings of HEK293T cell extracts depicting elevated levels of
Gag/Pol protein cleavage products in cells harvested 48 hours
after transfection with Gag/Pol-CTE reporter construct, CMV- b-
Gal and different Tpr siRNA’s. (D) The b-Galactosidase activity is
estimated in each of the samples. The corresponding normalized
p24 values are represented in Figure 3D.
(TIF)
Figure S2 Tpr depletion causes enhancement of CTE
function in mammalian cells. (A and B) HEK293T, COS-1
and HeLa cells were transfected with either NS-Si or TSi and
Gag/Pol-CTE and CMV- b-Gal reporter construct and the lysates
were assayed for p24 (Panel A) and b-Gal expression (Panel B)
48 hours after the transfection. Bars represent the mean of values
and the error bars represent the s.d. of values obtained from three
independent transfections. The corresponding normalized p24
values are represented in Figure 4B. (C) HEK293T cells were co-
transfected with NS-Si or Tsi and CTE-Luc and CMV- b-Gal
constructs, and the luciferase activity in the lysates was determined
48 hours post transfection. (D) b-Galactosidase levels in the
samples was assayed. The corresponding normalized luciferase
readings are represented in Figure 4E.
(TIF)
Figure S3 Reduction in p24 levels is observed upon
rescue with siRNA resistant clone of Tpr. (A) HEK293T
cells transiently transfected with Flag-Tpr and Flag-Tpr-Si
constructs. (B and C) Flag-Tpr or FLAG-Tpr-Si constructs were
tansfected into HEK293T cells along with NS-Si or TSi, and
Gag/Pol-CTE and CMV-b-Gal reporter constructs. The p24
expression (Panel B) and b-Galactosidase levels (Panel C) in each
of the samples were analyzed. The corresponding normalized p24
values are represented in Figure 5D. (D and E) HEK293T cells
stably expressing Flag-Tpr or Flag-Tpr-Si were transfected with
NS-Si or TSi together with Gag/Pol-CTE and CMV- b-Gal
plasmids. The cell lysates were assayed for p24 (Panel D) and b-
Gal expression (Panel E). The corresponding normalized p24
values are represented in Figure 5G.
(TIF)
Figure S4 Regulation of unspliced RNA export in Tpr
knockdown cells upon the combined depletion or
overexpression of Tap/Nxf1 and Sam68 proteins. (A
and B) Cells were transfected with 1 mg of siRNA against either
Sam68 or Tap/Nxf1 along with NS-Si or TSi. The cells were
replated the next day and 24 hours after replating, the cells were
transfected once again with siRNA oligos and the reporter
constructs. 48 hours post-transfection, reporter gene expression
from transfected Gag/Pol-CTE (Panel A) and CMV- b-Gal (Panel
B) constructs were assayed. The corresponding normalized values
are represented in Figure 7B. (C and D) After 48 hours of
treatment with NS-Si and TSi, HEK293T cells were re-
transfected with the same siRNA oligos along with Gag/Pol-
CTE and CMV- b-Gal plasmids and HA-Sam68 or HA-Tap/
Nxf1constructs. The lysates thus obtained were analyzed for the
amounts of p24 (Panel C) and b-Gal expression (Panel D). Data
represents the average of values and the error bars correspond to
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corresponding normalized values are represented in Figure 8B.
(TIF)
Figure S5 Depletion of Nup153 also has an effect on
CTE dependent export. (A and B) HEK293T cells were
transfected with siRNA’s against different nucleoporins together
with Gag/Pol-CTE and CMV- b-Gal constructs. 48 hours post
transfection, the expression of p24 (Panel A) and b-Gal (Panel B)
were estimated in the lysates. The corresponding normalized
values are represented in Figure 9B. (C and D) Cells were
transfected with siRNA’s against Nup153 or Tpr or Nup153+Tpr
together with Gag/Pol-CTE and CMV- b-Gal constructs. p24
levels (Panel C) and b-Galactosidase readings (Panel D) observed
in cells transfected with Gag/Pol-CTE and CMV- b-Gal reporter
constructs along with TSi and/or Nup153-siRNA. The corre-
sponding normalized values are represented in Figure 9D.
(TIF)
Figure S6 The N-terminal region of Tpr is necessary for
the regulation of CTE mediated unspliced RNA export.
(A) Schematic representation of various Tpr deletion fragments.
(B) Immunoblot depicting the expression of various Flag-tagged
Tpr deletion fragments in cells devoid of endogenous Tpr. (C and
D) p24 levels (Panel C) and b-Galactosidase readings (Panel D)
observed in cells transfected with Gag/Pol-CTE and CMV- b-Gal
reporter constructs along with TSi and rescued with different
deletion constructs of the protein. (E) Normalized p24 ELISA
readings in HEK293T cells treated with TSi for 48 hours and
rescued with different deletion constructs of the protein. (F)
Immunofluorescence microscopy of the cells transfected with
different deletion constructs of Tpr.
(TIF)
Figure S7 Rescue with localization deficient mutant of
Tpr does not result in the reduction in p24 levels. (A)
HEK293T cells transiently transfected with Flag-Tpr-L458P/
M489P-Si construct. (B and C) Cells were co-transfected with NS-
Si or TSi or Nup153-siRNA along with Gag/Pol-CTE and CMV-
b-Gal reporter constructs and Tpr-Si or siRNA resistant
localization mutant of Tpr (Tpr- L458P/M489P-Si). 48 hours
post transfection, the amount of p24 and b-Gal expression was
estimated in the lysates. The corresponding normalized values are
represented in Figure 10C.
(TIF)
Figure S8 Nucleoporin Tpr does not interact with Tap/
Nxf1 and Sam68 proteins. (A) Cells were transfected with HA-
ERK2, HA-Sam68, HA-Nxt/p15 or HA-Tap/Nxf1 constructs.
24 hours post transfection, cells were lysed, and the lysates were
immunoprecipitated with HA-antibodies. The immunoblots were
probed with anti-HA and anti-Tpr antibodies to determine the
interactions between Tpr and HA-tagged proteins. Co-immuno-
precipitation of endogenous Tpr along with HA-ERK2 validates
the approach.
(TIF)
Table S1 Sequence of siRNA oligonucleotides used in
the study.
(DOC)
Acknowledgments
We thank Dr. Michael J. Weber for his support, suggestions, and critical
reading of the manuscript. We thank Dr. Marie-Lousie Hammarskjold,
and Dr. John Coyle for the materials provided. We thank the NII Central
Confocal Microscopy facility. We thank Anshuk Sarkar for his assistance in
generation of Flag-Tpr and Flag-Tpr-Si stable cell lines; Dr. Hans-Georg
Krausslich (University Heidelberg, Germany), Dr. Jomon Joseph (NCCS,
Pune), Dr. Sagar Sengupta, Dr. A.C.Banerjea and Dr. Sudanshu Vrati
(NII, New Delhi) for the materials provided.
Author Contributions
Conceived and designed the experiments: KR VKN. Performed the
experiments: KR. Analyzed the data: KR VKN. Wrote the paper: KR
VKN.
References
1. Greco A, Pierotti MA, Bongarzone I, Pagliardini S, Lanzi C, et al. (1992) TRK-
T1 is a novel oncogene formed by the fusion of TPR and TRK genes in human
papillary thyroid carcinomas. Oncogene 7: 237–242.
2. Park M, Dean M, Cooper CS, Schmidt M, O’Brien SJ, et al. (1986) Mechanism
of met oncogene activation. Cell 45: 895–904.
3. Soman NR, Correa P, Ruiz BA, Wogan GN (1991) The TPR-MET oncogenic
rearrangement is present and expressed in human gastric carcinoma and
precursor lesions. Proc Natl Acad Sci U S A 88: 4892–4896.
4. Mitchell PJ, Cooper CS (1992) The human tpr gene encodes a protein of 2094
amino acids that has extensive coiled-coil regions and an acidic C-terminal
domain. Oncogene 7: 2329–2333.
5. Cordes VC, Reidenbach S, Rackwitz HR, Franke WW (1997) Identification of
protein p270/Tpr as a constitutive component of the nuclear pore complex-
attached intranuclear filaments. J Cell Biol 136: 515–529.
6. Shah S, Tugendreich S, Forbes D (1998) Major binding sites for the nuclear
import receptor are the internal nucleoporin Nup153 and the adjacent nuclear
filament protein Tpr. J Cell Biol 141: 31–49.
7. Hase ME, Cordes VC (2003) Direct interaction with nup153 mediates binding
of Tpr to the periphery of the nuclear pore complex. Mol Biol Cell 14:
1923–1940.
8. Kuznetsov NV, Sandblad L, Hase ME, Hunziker A, Hergt M, et al. (2002) The
evolutionarily conserved single-copy gene for murine Tpr encodes one prevalent
isoform in somatic cells and lacks paralogs in higher eukaryotes. Chromosoma
111: 236–255.
9. Kosova B, Pante N, Rollenhagen C, Podtelejnikov A, Mann M, et al. (2000)
Mlp2p, a component of nuclear pore attached intranuclear filaments, associates
with nic96p. J Biol Chem 275: 343–350.
10. Strambio-de-Castillia C, Blobel G, Rout MP (1999) Proteins connecting the
nuclear pore complex with the nuclear interior. J Cell Biol 144: 839–855.
11. Fontoura BM, Dales S, Blobel G, Zhong H (2001) The nucleoporin Nup98
associates with the intranuclear filamentous protein network of TPR. Proc Natl
Acad Sci U S A 98: 3208–3213.
12. Frosst P, Guan T, Subauste C, Hahn K, Gerace L (2002) Tpr is localized within
the nuclear basket of the pore complex and has a role in nuclear protein export.
J Cell Biol 156: 617–630.
13. Shibata S, Matsuoka Y, Yoneda Y (2002) Nucleocytoplasmic transport of
proteins and poly(A)+ RNA in reconstituted Tpr-less nuclei in living mammalian
cells. Genes Cells 7: 421–434.
14. Zimowska G, Paddy MR (2002) Structures and dynamics of Drosophila Tpr
inconsistent with a static, filamentous structure. Exp Cell Res 276: 223–232.
15. Cornett J, Cao F, Wang CE, Ross CA, Bates GP, et al. (2005) Polyglutamine
expansion of huntingtin impairs its nuclear export. Nat Genet 37: 198–204.
16. Lee SH, Sterling H, Burlingame A, McCormick F (2008) Tpr directly binds to
Mad1 and Mad2 and is important for the Mad1-Mad2-mediated mitotic spindle
checkpoint. Genes Dev 22: 2926–2931.
17. Nakano H, Funasaka T, Hashizume C, Wong RW (2010) Nucleoporin
translocated promoter region (Tpr) associates with dynein complex, preventing
chromosome lagging formation during mitosis. J Biol Chem 285:
10841–10849.
18. Xu XM, Rose A, Muthuswamy S, Jeong SY, Venkatakrishnan S, et al. (2007)
NUCLEAR PORE ANCHOR, the Arabidopsis homolog of Tpr/Mlp1/Mlp2/
megator, is involved in mRNA export and SUMO homeostasis and affects
diverse aspects of plant development. Plant Cell 19: 1537–1548.
19. Jacob Y, Mongkolsiriwatana C, Veley KM, Kim SY, Michaels SD (2007) The
nuclear pore protein AtTPR is required for RNA homeostasis, flowering time,
and auxin signaling. Plant Physiol 144: 1383–1390.
20. Skaggs HS, Xing H, Wilkerson DC, Murphy LA, Hong Y, et al. (2007) HSF1-
TPR interaction facilitates export of stress-induced HSP70 mRNA. J Biol Chem
282: 33902–33907.
21. Eblen ST, Kumar NV, Shah K, Henderson MJ, Watts CK, et al. (2003)
Identification of novel ERK2 substrates through use of an engineered kinase and
ATP analogs. J Biol Chem 278: 14926–14935.
22. Vomastek T, Iwanicki MP, Burack WR, Tiwari D, Kumar D, et al. (2008)
Extracellular signal-regulated kinase 2 (ERK2) phosphorylation sites and
Regulation of Unspliced RNA Export by Tpr
PLoS ONE | www.plosone.org 16 January 2012 | Volume 7 | Issue 1 | e29921docking domain on the nuclear pore complex protein Tpr cooperatively regulate
ERK2-Tpr interaction. Mol Cell Biol 28: 6954–6966.
23. Cochrane AW, Chen CH, Rosen CA (1990) Specific interaction of the human
immunodeficiency virus Rev protein with a structured region in the env mRNA.
Proc Natl Acad Sci U S A 87: 1198–1202.
24. Malim MH, Hauber J, Fenrick R, Cullen BR (1988) Immunodeficiency virus rev
trans-activator modulates the expression of the viral regulatory genes. Nature
335: 181–183.
25. Askjaer P, Jensen TH, Nilsson J, Englmeier L, Kjems J (1998) The specificity of
the CRM1-Rev nuclear export signal interaction is mediated by RanGTP. J Biol
Chem 273: 33414–33422.
26. Coyle JH, Guzik BW, Bor YC, Jin L, Eisner-Smerage L, et al. (2003) Sam68
enhances the cytoplasmic utilization of intron-containing RNA and is
functionally regulated by the nuclear kinase Sik/BRK. Mol Cell Biol 23:
92–103.
27. Pasquinelli AE, Ernst RK, Lund E, Grimm C, Zapp ML, et al. (1997) The
constitutive transport element (CTE) of Mason-Pfizer monkey virus (MPMV)
accesses a cellular mRNA export pathway. EMBO J 16: 7500–7510.
28. Bangs P, Burke B, Powers C, Craig R, Purohit A, et al. (1998) Functional
analysis of Tpr: identification of nuclear pore complex association and nuclear
localization domains and a role in mRNA export. J Cell Biol 143: 1801–1812.
29. Love DC, Sweitzer TD, Hanover JA (1998) Reconstitution of HIV-1 rev nuclear
export: independent requirements for nuclear import and export. Proc Natl
Acad Sci U S A 95: 10608–10613.
30. Galy V, Gadal O, Fromont-Racine M, Romano A, Jacquier A, et al. (2004)
Nuclear retention of unspliced mRNAs in yeast is mediated by perinuclear
Mlp1. Cell 116: 63–73.
31. Smith AJ, Cho MI, Hammarskjold ML, Rekosh D (1990) Human immunode-
ficiency virus type 1 Pr55gag and Pr160gag-pol expressed from a simian virus 40
late replacement vector are efficiently processed and assembled into viruslike
particles. J Virol 64: 2743–2750.
32. Srinivasakumar N, Hammarskjold ML, Rekosh D (1995) Characterization of
deletion mutations in the capsid region of human immunodeficiency virus type 1
that affect particle formation and Gag-Pol precursor incorporation. J Virol 69:
6106–6114.
33. Wodrich H, Schambach A, Krausslich HG (2000) Multiple copies of the Mason-
Pfizer monkey virus constitutive RNA transport element lead to enhanced HIV-
1 Gag expression in a context-dependent manner. Nucleic Acids Res 28:
901–910.
34. Jin L, Guzik BW, Bor YC, Rekosh D, Hammarskjold ML (2003) Tap and NXT
promote translation of unspliced mRNA. Genes Dev 17: 3075–3086.
35. Vinciguerra P, Iglesias N, Camblong J, Zenklusen D, Stutz F (2005) Perinuclear
Mlp proteins downregulate gene expression in response to a defect in mRNA
export. EMBO J 24: 813–823.
36. Reddy TR, Tang H, Xu W, Wong-Staal F (2000) Sam68, RNA helicase A and
Tap cooperate in the post-transcriptional regulation of human immunodefi-
ciency virus and type D retroviral mRNA. Oncogene 19: 3570–3575.
37. Herold A, Klymenko T, Izaurralde E (2001) NXF1/p15 heterodimers are
essential for mRNA nuclear export in Drosophila. RNA 7: 1768–1780.
38. Herold A, Suyama M, Rodrigues JP, Braun IC, Kutay U, et al. (2000) TAP
(NXF1) belongs to a multigene family of putative RNA export factors with a
conserved modular architecture. Mol Cell Biol 20: 8996–9008.
39. Levesque L, Bor YC, Matzat LH, Jin L, Berberoglu S, et al. (2006) Mutations in
tap uncouple RNA export activity from translocation through the nuclear pore
complex. Mol Biol Cell 17: 931–943.
40. Katahira J, Inoue H, Hurt E, Yoneda Y (2009) Adaptor Aly and co-adaptor
Thoc5 function in the Tap-p15-mediated nuclear export of HSP70 mRNA.
EMBO J 28: 556–567.
41. Pemberton LF, Paschal BM (2005) Mechanisms of receptor-mediated nuclear
import and nuclear export. Traffic 6: 187–198.
42. Krull S, Dorries J, Boysen B, Reidenbach S, Magnius L, et al. (2010) Protein Tpr
is required for establishing nuclear pore-associated zones of heterochromatin
exclusion. EMBO J 29: 1659–1673.
43. Cochrane AW, Perkins A, Rosen CA (1990) Identification of sequences
important in the nucleolar localization of human immunodeficiency virus Rev:
relevance of nucleolar localization to function. J Virol 64: 881–885.
44. Ernst RK, Bray M, Rekosh D, Hammarskjold ML (1997) A structured retroviral
RNA element that mediates nucleocytoplasmic export of intron-containing
RNA. Mol Cell Biol 17: 135–144.
45. Kang Y, Bogerd HP, Cullen BR (2000) Analysis of cellular factors that mediate
nuclear export of RNAs bearing the Mason-Pfizer monkey virus constitutive
transport element. J Virol 74: 5863–5871.
46. Wiegand HL, Coburn GA, Zeng Y, Kang Y, Bogerd HP, et al. (2002)
Formation of Tap/NXT1 heterodimers activates Tap-dependent nuclear
mRNA export by enhancing recruitment to nuclear pore complexes. Mol Cell
Biol 22: 245–256.
47. Levesque L, Guzik B, Guan T, Coyle J, Black BE, et al. (2001) RNA export
mediated by tap involves NXT1-dependent interactions with the nuclear pore
complex. J Biol Chem 276: 44953–44962.
48. Skruzny M, Schneider C, Racz A, Weng J, Tollervey D, et al. (2009) An
endoribonuclease functionally linked to perinuclear mRNP quality control
associates with the nuclear pore complexes. PLoS Biol 7: e8.
49. Ohnishi T, Yamashita A, Kashima I, Schell T, Anders KR, et al. (2003)
Phosphorylation of hUPF1 induces formation of mRNA surveillance complexes
containing hSMG-5 and hSMG-7. Mol Cell 12: 1187–1200.
50. Unterholzner L, Izaurralde E (2004) SMG7 acts as a molecular link between
mRNA surveillance and mRNA decay. Mol Cell 16: 587–596.
51. Glavan F, Behm-Ansmant I, Izaurralde E, Conti E (2006) Structures of the PIN
domains of SMG6 and SMG5 reveal a nuclease within the mRNA surveillance
complex. EMBO J 25: 5117–5125.
52. Terry LJ, Wente SR (2007) Nuclear mRNA export requires specific FG
nucleoporins for translocation through the nuclear pore complex. J Cell Biol
178: 1121–1132.
53. Lei EP, Silver PA (2002) Protein and RNA export from the nucleus. Dev Cell 2:
261–272.
54. Weis K (2003) Regulating access to the genome: nucleocytoplasmic transport
throughout the cell cycle. Cell 112: 441–451.
55. Powers MA, Forbes DJ, Dahlberg JE, Lund E (1997) The vertebrate GLFG
nucleoporin, Nup98, is an essential component of multiple RNA export
pathways. J Cell Biol 136: 241–250.
56. Ren Y, Seo HS, Blobel G, Hoelz A (2010) Structural and functional analysis of
the interaction between the nucleoporin Nup98 and the mRNA export factor
Rae1. Proc Natl Acad Sci U S A 107: 10406–10411.
57. Mackay DR, Elgort SW, Ullman KS (2009) The nucleoporin Nup153 has
separable roles in both early mitotic progression and the resolution of mitosis.
Mol Biol Cell 20: 1652–1660.
58. Bastos R, Lin A, Enarson M, Burke B (1996) Targeting and function in mRNA
export of nuclear pore complex protein Nup153. J Cell Biol 134: 1141–1156.
59. Ullman KS, Shah S, Powers MA, Forbes DJ (1999) The nucleoporin nup153
plays a critical role in multiple types of nuclear export. Mol Biol Cell 10:
649–664.
60. Coyle JH, Bor YC, Rekosh D, Hammarskjold ML (2011) The Tpr protein
regulates export of mRNAs with retained introns that traffic through the Nxf1
pathway. RNA.
61. Lin Q, Taylor SJ, Shalloway D (1997) Specificity and determinants of Sam68
RNA binding. Implications for the biological function of K homology domains.
J Biol Chem 272: 27274–27280.
62. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402–408.
Regulation of Unspliced RNA Export by Tpr
PLoS ONE | www.plosone.org 17 January 2012 | Volume 7 | Issue 1 | e29921